Summary To examine the association between renal function and fracture in multiethnic women, we studied postmenopausal women enrolled in the Women's Health Initiative. Postmenopausal White women with mild renal dysfunction were at increased risk of nonvertebral fracture; this association was at least partially explained by effects of renal dysfunction on chronic inflammation. Reduced renal function appeared to increase fracture risk among Black women, but there was little evidence to support this association among other racial/ethnic groups. Introduction The purpose of this study was to determine whether renal function is associated with fracture risk within racial/ethnic groups.
Introduction
Older age and female gender are associated with a higher prevalence of chronic kidney disease (CKD) [1] . There is also some evidence that the prevalence of CKD in the United States varies by race/ethnicity. While data from specific nonWhite minority populations is limited, non-Hispanic Blacks compared with non-Hispanic Whites appear more likely to have severe CKD (stages 4-5 as defined by estimated glomerular filtration rate (eGFR) <30 mL/min/1.73 m 2 ), but less likely to have moderate (stage 3) CKD (eGFR 30-59 mL/min/1.73 m 2 ) [1] [2] [3] [4] . Variability in CKD prevalence estimates across racial/ethnic groups may be due to several factors including differences between White and non-White populations in the rate of progression from CKD to endstage renal disease (ESRD), differences between populations in survival rates among those with advanced stages of CKD [4] , or choice of formula used to estimate GFR [5] .
Older age and female gender are also associated with a higher prevalence of osteoporosis and related fractures. Among postmenopausal women, fracture risk varies by race/ethnicity. Black women have 50% lower rates of hip [6] and all fractures [7] compared with White women. In addition, rates of hip fracture are 25% lower among Hispanic and Asian women in comparison to that among White women [8] . While fractures rates are highest among postmenopausal White women, the number of fractures over time is estimated to increase to 72% in Blacks, 160% in Hispanics, and 155% in Asians [9] . Thus, the share of the costs attributable to fractures among nonWhite persons is predicted to increase from 12% to 21% [9] . Among postmenopausal women, a prior study has examined clinical risk factors for fracture according to race/ethnicity [10] , but little is known about associations between biochemical determinants and fracture risk by race/ethnicity.
Several prior retrospective cohort studies have reported increased rates of hip and other fractures in patients with ESRD [11] [12] [13] . More recent investigations have also reported an association between moderate reductions in renal function (e.g., stage 3 CKD assessed using either serum creatinine or cystatin C-based eGFR formulas) and an increased risk of hip fracture among postmenopausal and older women [14] [15] [16] . However, all of these studies were conducted in predominantly White women and none examined the association between renal function and risk of fractures at sites other than the hip or spine. One prior small prospective study examined the association between renal function (as assessed by serum creatinine-based eGFR formulas) and risk of all clinical (nonvertebral and clinical vertebral) fractures. This study was limited to postmenopausal White women and found no evidence of an association after adjustment for age alone [17] .
To determine whether mild reductions in renal function are associated with an increased risk of fractures among postmenopausal women within multiple racial/ethnic groups, we conducted a case-control study nested within the prospective Women's Health Initiative Observational Study (WHI-OS) and examined the associations between serum cystatin C levels (and eGFR using a cystatin C-based eGFR formula) and risk of nonvertebral fractures in White, Black, Hispanic, Asian, and American-Indian women enrolled in WHI-OS.
Methods

Study population
The WHI-OS is a prospective cohort study that enrolled 93,676 women ages 50-79 years from 1994 to 1998 at 40 clinical centers in the United States. Study methods have been described in detail elsewhere [18] . Briefly, women were eligible if they were postmenopausal, unlikely to move or die within 3 years, not enrolled in the WHI Clinical Trial, and not currently participating in any other clinical trial. The study was approved by Human Subjects Review Committees at each participating institution. All participants provided written informed consent.
Race/ethnicity
Information on race or ethnicity was obtained by self-report at baseline and was reported as "White" (not of Hispanic origin); "Black" (not of Hispanic origin); "Hispanic/Latino" (Mexican, Cuban, Puerto Rican, Central American, or South American); "Asian or Pacific Islander" (Chinese, Indo-Chinese, Korean, Japanese, Pacific Islander, Vietnamese); "American Indian" (including Alaskan Native), or "Other." Women reporting "Other" race/ethnicity (n= 2,229) were excluded from this analysis.
Fracture ascertainment
Women were sent questionnaires annually to report any hospitalization and other outcomes including fractures. Hip fractures were verified by review of medical records and confirmed by blinded central adjudicators [19] . While ascertainment of nonhip fractures in WHI-OS was based on self-report alone, 80% of self-reported nonhip fractures in the WHI Clinical Trials were confirmed by physician review of medical records, suggesting that the self-report of such fractures is reasonably accurate [20] .
Selection of case and control samples
This analysis is a case-control study nested within the prospective design of WHI-OS. All self-reported cases of fracture in WHI-OS as of August 2006 were selected as potential cases. We excluded from this analysis women reporting current use at baseline of hormone therapy, bisphosphonates, or selective estrogen receptor modulators; those reporting "Other" race/ethnicity; those self-reporting incident fractures of the spine, coccyx, fingers, toes, face, skull, or sternum; those with adjudicated incident hip fractures from a pathologic cause; those missing important covariates (e.g., height, weight or fracture history); and those with insufficient serum.
After these exclusions, a total of 7,116 fracture cases and 37,713 controls (out of 93,676 total participants in WHI-OS) were potentially eligible for this analysis. Of the 7,116 women with fracture, 726 reported Black, Hispanic, Asian, or American-Indian race/ethnicity. We included in this analysis a total of 700 minority women with fracture and sufficient serum (362 Black, 183 Hispanic, 110 Asians, and 45 American-Indian women) and a random sample of 395 White women from the 6,416 fracture cases among White women.
One control was selected for each case from the risk set corresponding to the time of the case's event. All participants (cases included) were part of the risk set until they experienced a fracture event or until their last contact; participants were censored from the analysis if they were lost to follow-up or in the event of death. Controls were matched by age at screening (±1 year), race/ethnicity (White, Black, Hispanic, Asian, American Indian), and date of baseline blood draw (±92 days). Race/ethnicity status was matched exactly, and age and draw dates were selected based on a criteria to minimize an overall distance measure. All matching factors were weighted equally during the selection process. The controls were chosen to have a follow-up time at least as long as the cases event time. Seventeen unmatched cases during the first run were subsequently matched by age at screening (±2 years), race/ ethnicity, and draw date (±365 days).
Thus, there were 1,095 fracture cases and 1,095 controls for a total of 2, 190 Assessment of renal function and other laboratory parameters A 12-h fasting serum sample was obtained at the baseline exam, processed, and stored at −70°C according to strict quality control procedures [21] . Serum cystatin C levels were determined using a BN100 nephelometer (Dade Behring Inc., Deerfield, IL) using a particle-enhanced immunonephelometric assay [22] . The assay range is 0.30-10.00 mg/L with intra-assay coefficients of variation (CVs) ranging from 2.0% to 2.8% and inter-assay CVs from 2.3% to 3.1%. For calculation of eGFR, we used the CKD epidemiology equation (eGFR cys-c =76.7×cystatin C −1. 19 ), which was derived from a pooling of cohorts that used iothalamate clearance as the criterion standard [23] .
Whole (1-84) parathyroid hormone (PTH) in plasma was measured using an immunoradiometric assay (Scantibodies Laboratory, Inc., Santee, CA) utilizing a polyclonal 1-84 antibody with a tendency to bind in the N-terminal region and polyclonal 1-84 antibody with a tendency to bind in the C-terminal region. The use of these antibodies guarantees that only whole PTH is detected. For serum 25-hydroxyvitamin D [25(OH)D], a radioimmunoassay was used with DiaSorin reagents (Stillwater, MN). Markers of chronic inflammatory processes were assessed by serum levels of proinflammatory cytokine soluble receptors (IL-6 sR, TNFα sR1, and TNFα sR2) measured using ELISA kits (R&D systems, Minneapolis, MN) due to previously reported findings concerning the associations between inflammatory markers and fracture risk in older adults [24] .
Other measurements All covariates were ascertained at baseline. Data were collected on education, cigarette smoking, alcohol intake, health status, history of specific medical conditions including prior fractures, physical activity, general health status, diet, falls, and medications. Current use of prescription medications and dietary supplements including calcium/ vitamin D preparations was recorded by clinic interviewers by direct inspection of medicine containers. Generic and brand names of prescription medications were entered into the WHI database and assigned drug codes using Medispan software. Dietary intakes of calcium and vitamin D were assessed using a semiquantitative food frequency questionnaire [25] . Physical activity was classified on the basis of frequency and duration of walking and mild, moderate, and strenuous activities in the prior week. Kilocalories of energy expended in a week was calculated (metabolic equivalent (MET) score=kcal h/week/kg) [26] . Weight was measured on a balance beam scale with the participant dressed in indoor clothing without shoes. Height was measured using a wall-mounted stadiometer. Body mass index (BMI) was calculated as weight divided by height squared (in kilograms per square meter).
Statistical analysis
Baseline characteristics between fracture cases and matched control participants within each race/ethnicity group were compared using chi-square and t tests. To further assess potential confounders, we also examined baseline characteristics according to quartiles of cystatin C among control subjects within each race/ethnicity group and performed tests for linear trend.
Renal function was expressed as a continuous variable (cystatin C level), quartiles of cystatin C (cutpoints determined from the distribution of cystatin C among all control subjects; quartiles were weighted based on the number of participants in each racial/ethnicity group that the controls were sampled from) and categories of eGFR cys-c (<60, 60-90, and >90 mL/min/1.73 m 2 ) [27] . We assessed the association between renal function and incident nonvertebral fracture using conditional logistic regression models that retained the matched case-control design (age, race/ethnicity, and blood draw data). Odds ratios (OR) and 95% confidence intervals (CI) were calculated per SD increase in cystatin C and for women in each quartile of cystatin C, using women in quartile 1 as the reference group. In addition, the OR with 95% CI of fracture was estimated for women with an eGFR cys-c 60-90 mL/min/1.73 m 2 and those with an eGFR cys-c <60 mL/min/1.73 m 2 , using women with an eGFR cys-c >90 mL/min/1.73m 2 as the reference group [27] . Associations were first examined without any additional adjustment (cases and controls matched on age, blood draw date, and racial/ethnicity). Candidate covariates included those characteristics associated with case-control status or cystatin C level among control subjects in at least one of the five racial/ethnic groups: educational level, smoking status, alcohol use, health status, treated diabetes mellitus, history of selected medical conditions (previous fracture, myocardial infarction, and stroke), current thiazide use, falls in the past 12 months, and BMI. Within each racial/ethnic group, a backward stepwise elimination procedure was performed and p≤0.05 was used as a cut-off level for retention of covariates in the adjusted model. To examine biological mechanisms that might underlie the independent association observed between renal function and fracture among White women, models in White women were further adjusted for calciotropic hormones (PTH, 25(OH)D) and markers of chronic inflammation (cytokine soluble receptors: IL-6 sR, TNFα sR1, and TNFα sR2).
Given the specific number of fracture cases and controls within each race/ethnicity group and alpha level (type 1 error) of 0.05, the odds ratio per 1 SD increase in serum cystatin C detectable in adjusted models with 80% power was 1.11 among Whites, 1.11 among Blacks, 1.17 among Hispanics, 1.21 among Asians, and 1.35 among American Indians.
Results
The mean age of subjects varied across race/ethnicity groups and ranged from 62.6 years among Black women to 66.2 years among White women (Table 1) . Within each race/ethnicity group, cases and controls were well matched on age. Characteristics of fracture cases and controls within each specific race/ethnicity group are given in Table 1 . Among White women, fracture cases were more likely to report diabetes, prior history of fracture, and had lower average eGFR cys-c . Among Black women, fracture cases were more likely to be past smokers and report a prior history of fracture. Mean cystatin C level was higher in fracture cases vs. controls among both White and Black women, but the difference was not quite significant (p for comparison between cases and controls, 0.06 among White women and 0.07 among Black women). Among Hispanic women, the only difference that reached significance was a prior history of fracture, which was more common among fracture cases. Among Asian women and among AmericanIndian women, there were no differences between fracture cases and controls that reached significance. In control subjects, the proportion of women with an eGFR cys-c <60 mL/min/ 1.73 m 2 was 3.5% among Whites, 2.2% among Blacks, 4.4% among Hispanics, 2.7% among Asians, and 4.4% among American Indians.
Characteristics according to quartiles of cystatin C among control subjects within each race/ethnicity group are given in Table 2 . Among White women, older age, lower education, less frequent alcohol consumption, poorer health status, lower physical activity, and higher BMI were associated with higher cystatin C levels. White women with higher cystatin C were also more likely to be nonsmokers and report treated diabetes. In general, similar associations were observed among Black women. In addition, Black women with higher cystatin C were more likely to report a history of myocardial infarction, stroke, and current thiazide use. Among Hispanic women, older age, less frequent alcohol consumption, poorer health status, and higher BMI were associated with higher cystatin C levels. There were smaller numbers of control subjects in the remaining racial/ethnic groups and power to detect differences between quartiles of cystatin C was lower. Among Asian women, older age, lower education, and poorer health status (p trend, 0.06) were associated with higher cystatin C levels. Among American-Indian women, the only characteristic associated with higher cystatin C levels (p trend, 0.06) was recurrent (two or more) falls in the past year.
In unadjusted models (matched on age, blood draw date, and race/ethnicity), each 1 SD increase in cystatin C was associated with a 1.2-fold (OR, 1.20; 95% CI, 1.03-1.41) increased risk of nonvertebral fracture among White women (Table 3 ). This association was not altered after further adjustment for previous fracture history (the only covariate retained after the backwards elimination procedure). In addition, the association persisted after excluding women with hip fracture (n=19) and their controls from the analysis; the adjusted OR (95% CI) of nonhip nonvertebral fracture per 1 SD increase in cystatin C was 1.24 (95% CI, 1.04-1.48) (p=0.02). Women in the highest quartile of cystatin C (>0.94 mg/L) had 1.7-fold higher risk of nonvertebral fracture (multivariable OR. (Table 4) . After adjustment for TNF-sR1 and TNF-sR2, the OR for eGFR cys-c <60 mL/min/1.73 m 2 was 1.62 (95% CI, 0.59-4.46). Mean levels of these three soluble receptors increased in a graded manner with increasing quartile of cystatin C among White control subjects (p trend, <0.01) (results not shown).
Among Black women, higher serum cystatin C levels appeared to be similarly associated (unadjusted OR per 1 SD increase, 1.15; 95% CI, 1.00-1.48) (p=0.06) with an increased risk of nonvertebral fracture ( Table 3 ). The association was modestly attenuated and not significant Among each of the three other race/ethnicity groups (Hispanic, Asian, and American Indians), there were no significant associations between renal function and fracture; 95% CI around point estimates of associations widely overlapped by 1.00 (Table 3) .
Discussion
In this prospective nested case-control study, White women with mild reductions in renal function as manifested by higher cystatin C or lower eGFR cys-c had an increased risk of nonvertebral fracture over the following 8 years. The association, albeit not at the level of significance, appeared to be similar in direction and magnitude among Black women. While power to detect associations was lower among other racial/ethnic groups in this study, renal function was not significantly related to the risk of fracture among Hispanic, Asian, or American-Indian women.
The findings among White women in this study are in agreement with those of a prior case-control study (397 incident hip fracture cases [380 in White women] and 397 matched controls) nested within the same (WHI-OS) cohort [15] that reported a higher risk of hip fracture among women with higher cystatin C levels and those with lower eGFR cys-c . In the present study, the association between higher cystatin C levels and increased risk of nonvertebral fractures in White women persisted despite excluding hip fracture cases and their controls from the analysis. Thus, these results extend those of the previous WHI-OS study and suggest that the association between reduced renal function and fracture among White women is not limited to an increased risk of hip fracture. An independent association between lower serum creatinine-based eGFR (<60 mL/ min/1.73 m 2 ) and increased risk of hip fracture has also been reported among a cohort of older White women [14] . In addition, the magnitude of the association between cystatin C level and nonvertebral fracture in this study was similar to that observed between cystatin C and incident hip fracture in a cohort of predominantly White elderly women [16] . However, these results stand in contrast with those of a prior small prospective study of 427 White postmenopausal women that found no evidence that women with modest reductions in renal function (as assessed by serum creatinine or eGFR using serum creatinine-based equations) had a higher age-adjusted risk of clinical fractures [17] .
In this study of healthy postmenopausal women without severe or end-stage kidney disease, the magnitude of associations between measures of renal function (higher cystatin C levels or lower eGFR cys-c ) and risk of nonvertebral fracture were similar among Black women compared with White women, but none of the associations among Black women reached the level of significance. ) is less prevalent among Black compared with White populations [1] [2] [3] [4] .
Among the three remaining smaller race/ethnicity groups (Hispanic, Asian, and American Indians), none of the associations between renal function and fracture were significant. Confidence intervals around the point estimates of associations widely overlapped the null hypothesis of no association. A prior cross-sectional study among 659 Japanese women seeking an evaluation for osteoporosis at a metabolic bone disorders clinic reported that women with lower creatinine clearance calculated using the serum creatinine-based Cockcroft-Gault equation, but not lower serum creatinine-based eGFR calculated using the abbreviated Modification of Diet in Renal Disease (MDRD) equation, were more likely to have a radiographically identified vertebral fracture [28] . Inconsistencies in results among the Asian women in this study and those of the study in Japanese women may be in part related to differences in study design, study populations (e.g., selected population versus population-based cohort and degree of ethnic admixture), measures of renal function, and choice of fracture outcome. In particular, crosssectional studies examining associations yield weaker evidence for causality and are more prone to biases than prospective cohort studies such as WHI-OS.
Discrepancies in the findings concerning the association between renal function and fracture according to race/ ethnicity in this study may exist for a number of reasons. Although we included all fracture cases in minority women, we had limited power to detect the association between serum cystatin C and fracture among Hispanic, Asian, and American-Indian women. In addition, the participants were healthy postmenopausal women without severe or endstage CKD and few women had evidence of mild to moderate renal dysfunction as manifested by an eGFR cys-c <60 mL/min/1.73 m 2 . It is possible that the threshold for renal dysfunction indicative of increased fracture risk varies by race/ethnicity. Finally, direct measures of GFR were not available and we relied on serum cystatin C and eGFR using a cystatin C-based equation to provide estimates of renal function. The most widely used MDRD formula [29] uses serum creatinine to estimate GFR. However, serum creatinine levels are influenced by muscle mass and tubular secretion and true GFR levels may differ between individuals despite the same serum creatinine level. In addition, the MDRD formula was derived from middle-aged nondiabetic adults with CKD and adjusted for age, Black race, and gender, although no adjustment is made for other nonWhite racial/ethnic groups. Serum cystatin C, produced by most nucleated cells and free filtered at the glomerulus, has advantages over serum creatinine as a marker of GFR. Since muscle mass is not a major determinant of cystatin C levels, its use to estimate GFR may lead to more congruent estimates of CKD across racial/ethnic groups. While it is true that the independence of cystatin C from muscle mass and other demographic factors such as race/ethnicity is not as great as originally hypothesized [30] , differences in CKD estimates among women across four racial/ethnic groups [5] were substantially attenuated with the use of the cystatin C-based GFR prediction equation without race and gender coefficients vs. use of the MDRD formula. Differences in mean cystatin C levels and eGFR cys-c across race/ethnicity groups in this cohort may reflect racial differences in kidney function or ethnic differences in how cystatin C approximates GFR.
Several biological mechanisms may underlie an association between mild to moderate renal dysfunction and increased fracture risk among postmenopausal women. Abnormalities in calcium, phosphorus, and vitamin D metabolism that occur in even mild renal insufficiency among postmenopausal women and older adults may lead to decreased formation of active vitamin D (1,25-dihydroxyvitamin D) by the kidney, resulting in decreased fractional calcium absorption, secondary hyperparathyroidism, greater bone resorption, and higher fracture rates [31, 32] . However, the association between renal function and fracture observed among White women in this study persisted despite adjustment for calciotropic hormones. Some, but not all, prospective studies have reported an association between lower vitamin D status and increased fracture risk [33, 34] and the association between PTH levels and fracture risk among healthy older adults is controversial [35, 36] . Moderate impairment in renal function has also been associated with higher levels of inflammatory factors and homocysteine, as well as anemia [37] [38] [39] . Our findings suggest that the effect of renal function on chronic inflammatory processes as assessed by levels of TNFα cytokine soluble receptors may in part mediate the association between renal function and fracture observed among White women. While these results need confirmation in future studies, a prior prospective study in older adults [24] reported independent associations of higher levels of inflammatory markers (including cytokine soluble receptors TNF-sR1 and TNFsR2) with increased fracture risk. However, this study did not evaluate the effect of renal function on these associations. In addition, CKD may be a marker for poorer health status and frailty [40] that may increase risk of falls and related fractures, though a prior investigation from this cohort reported that adjustment for markers of bone resorption and formation, frailty and comorbid conditions, 25(OH)D, hemoglobin, or homocysteine did not entirely explain the association between reduced renal function and increased hip fracture risk [15] .
Strengths of this study include the large, diverse cohort of well-characterized postmenopausal women with representation of five different race/ethnicity groups, consideration of several candidate potential confounding variables in the analysis, consideration of underlying biological mediators, choice of nonvertebral fracture as the outcome, and use of cystatin C as a measure of renal function. However, this study has several limitations. Participants were healthy postmenopausal women with a low prevalence of CKD as defined by an eGFR cys-c <60 mL/min/1.73 m 2 and we were unable to evaluate the association between moderate to severe CKD and fracture risk among race/ethnicity groups. Power to detect modest associations between renal dysfunction and fracture was limited among Hispanic, Asian, and AmericanIndian women. No measure of bone mineral density was available. Finally, given our observational design, the possibility of residual confounding cannot be eliminated.
In conclusion, postmenopausal White women with eGFR cys-c <60 mL/min/1.73 m 2 are at increased risk of nonvertebral fracture and a similar association may exist among Black women. There was little evidence to support an association between renal function and nonvertebral fracture risk among other racial/ethnic groups in this cohort. Additional prospective studies among other cohorts of minority women are needed to accurately and precisely determine the association between renal function and risk of fracture among non-White women.
